Cerebral blood flow, oxygen, glucose, lactate, and pyruvate metabolism were measured in 13 subjects with completed stroke. Cerebral blood flow and oxygen consumption were reduced, glucose consumption and pyruvate production were normal, and lactate production was increased, suggesting a shift from aerobic to anaerobic cerebral glycolysis.
I N A previous study, it was adduced from indirect evidence that, in occlusive cerebrovascular disease, cerebral anaerobic glycolysis was increased." In the present study, measurements of cerebral lactate and pyruvate production were added in a series of patients with cerebrovascular disease to ascertain directly whether or not cerebral anaerobic glycolysis is increased in such cases by ischemic hypoxia. The question was tested further by increasing and decreasing cerebral blood flow by the use of carbon dioxide inhalation and hyperventilation to note whether either procedure would improve or enhance cerebral anaerobic glycolysis if present. The question is a practical one since it is relevant as to I whether or not agents which dilate cerebral vessels (such as the inhalation of mixtures of carbon dioxide in air or the oral or intravenous administration of papaverine) are rational forms of treatment in occlusive cerebrovascular disease. [2] [3] [4] [5] [6] [7] Some have questioned whether carbon dioxide or other cerebral vasodilator agents may divert blood from ischemic areas by lowering the cerebral vascular resistance in surrounding areas of normal brain. 34 Others hold the opposite point of view and consider Circulation, Volume XXXVII, that increasing cerebral blood flow may enhance the blood flow to ischemic areas in some cases.2 5 7 Shalit and associates3 measured the intraluminal pressure of a ligated middle cerebral artery in the dog during inhalation of carbon dioxide and concluded that, since the pressure decreased, collateral flow to the ischemic lesion was reduced. However, the reduction in pressure noted may indicate increased regional flow due to lowering of regional vascular resistance. Hyperventilation has even been suggested as possible therapy in cases of stroke with reactive hyperemia, in order to reduce the so-called "luxury perfusion syndrome." 4 The opposite view considers the possibility that carbon dioxide (or other effective vasodilator agents), by increasing blood flow, might improve delivery of oxygen and removal of acid waste products in areas of poor cerebral perfusion having depressed metabolism with regional functional paralysis rather than necrosis.
Although it has been reported that inhalation of carbon dioxide or intravenous administration of papaverine significantly increased average cerebral venous oxygen tension in subjects with cerebral vascular disease,5' 6 it has been questioned whether such increases necessarily improved regional cerebral metabolism in ischemic areas. 7 It appears logical that, if an increased cerebral blood flow and cerebral venous oxygen tension were induced in human subjects with cerebral vascular disease by cerebrovasodilator drugs and this was shown also to be associated with a measurable increase in average cerebral oxygen consumption, then it could reasonably be assumed that areas of cerebral ischemia had been metabolically improved since there is no evidence in this or other laboratories that increasing cerebral blood flow to normal brain (even by 70%) increased cerebral oxygen consumption. [8] [9] [10] Inhalation of 5% carbon dioxide plus oxygen has been reported to increase significantly cerebral oxygen consumption in subjects with occlusive cerebrovascular disease within 10 Circulation, Volume XXXVII, June 1968 minutes of its institution,1 but improved cerebral oxygen consumption has not been reported for inhalation of 5% carbon dioxide in air. The beneficial effect of 5% CO2 plus oxygen on cerebral oxygen consumption may have been due to, the administration of oxygen rather than the carbon dioxide. Some evidence has been reported by Geraud and associates"' that an increase in cerebral blood flow produced by the administration of papaverine in subjects with stroke was accompanied by an increase of cerebral oxygen consumption.
The question is of theoretical as well as practical importance for if increasing cerebral blood flow in subjects with ischemic cerebrovascular disease rapidly increases cerebral oxygen consumption, this should provide insight into metabolic factors responsible for the appearance of symptoms and recovery from stroke.
The present investigation was designed to measure cerebral blood flow and metabolism in a sample of subjects with cerebrovascular disease and to compare them with reported values in normal subjects. The sample consisted of a group of subjects who had recovered from ischemic cerebrovascular symptoms. The group had the measurements made before, during, and after inhalation of 5% CO2 and hyperventilation. Measurements .., X. 20 minutes after the glucose injection, and measurements of cerebral blood flow and metabolism were repeated. Arterial glucose levels decreased, but arterial pyruvate and lactate levels increased; there was no change in cerebral lactate or pyruvate production.
In order to correlate levels of arterial glucose with cerebral glucose uptake, data before and after injection of glucose and insulin were divided into four groups according to the levels of arterial glucose (fig. 3) . The cerebral glucose uptake significantly increased when the arterial glucose was raised to 150 mg/ 100 ml from levels of 100 mg/ 100 ml or below. In the group of patients studied, the diagnosis of complete recovery or improved and stable neurological deficit resulting from cerebrovascular disease was based on detailed history, physical examination, and laboratory tests, including examination of the cerebrospinal fluid and complete aortocranial arteriography. Every patient but one appeared to have suffered from atherosclerotic occlusion, stenosis, or embolism of the cerebral vessels on the basis of this evaluation and follow-up examination in the clinic over the past 6 months. The single exception, case 12, suffered thrombosis of the left middle cerebral artery from a dissecting aneurysm of that vessel following head trauma.
Mean CBF and oxygen consumption for the 13 subjects were below normal but not so much as in similar measurements reported in 22 older subjects with more advanced disease as judged by arteriography and neurological evaluation. The mean value for cerebral glucose consumption (CMRG1) in the present study was found to be within the normal range, while in the previously reported group mentioned above, the cerebral glucose consumption was also reduced. The cerebral blood flow and metabolic disturbance appear, therefore, to correlate with the severity of the stroke as judged by the criteria named.
Evidence for Cerebral Anaerobic Glycolysis
The mean value for cerebral glucose:oxygen utilization ratio (G/0) in the present group was 1.87 ± 0.65, which is higher than reported normal values'3' 17, 18 and higher than reported in two previous series of cases with advanced arteriosclerotic cerebrovascular disease." 18 The mean values for cerebral veno-arterial lactate differences in the present series with occlusive cerebral vascular disease was 1.45 ± 0.92 mg/ 100 ml, and the mean value for CMR Lact was 0.69 ± 0.55 mg/100 g brain/ min. Reported values for normal cerebral (V-A) Lact levels have varied according to the method used for their measurement. Gibbs and associates17 reported a mean value of 1.6 mg/100 ml in 50 normal young subjects by the method of Edwards. Scheinberg and co-workers21 found it to be 0.009 mM/liter, or about 0.008 mg/ 100 ml, in 25 normal subjects by a paper chromatographic method, but since this difference was not significant, they concluded that lactate was not added to the cerebral venous blood.
Using recently developed enzymatic methods similar to those used in the present study, Gottstein and associates22 gave 0.8 mg/ 100 ml as the mean value for (V-A) Lact and 0.42 mg/100 g brain/min as the mean value for cerebral lactate production in 45 normal subjects. It is not surprising that the normal brain should produce lactate since values reported for the cerebral glucose:oxygen utilization ratio in normal subjects exceed the theoretically calculated value of 1.34. This suggests that even in normal subjects some cerebral anaerobic metabolism occurs. 1' 12 Gurdjian and assocates20 suggested 20 It appears that in man lactate does pass the blood-brain barrier since many laboratories have found cerebral venous lactate to be higher than arterial, as was found in the present series of subjects. In the present group of subjects with completed stroke, cerebral venous lactate was considerably higher than that of arterial blood, the (V-A) Lact difference being larger than that reported by Gottstein and It will be noted from tables 3 and 4 that occlusive cerebrovascular disease reduced both the capacity for vasodilatation during inhalation of C02 and vasoconstriction during hyperventilation. During inhalation of 5% CO2 in air, cerebral oxygen metabolism was increased in eight measurements with six subjects, but decreased in two cases. Despite these two exceptional cases, the increase for the group was statistically significant. The two cases in which CMRO2 was decreased had markedly reduced CBF (both below 40 ml/ 100 g brain/min) and had the most advanced disease as judged by arteriographic and clinical evaluation. The increase in CBF during inhalation of CO2 in these cases was Circulation, Volume XXXVII, June 1968 minimal. It is admitted that the decrease in CMRO2 in these two cases might be due to stealing blood away from the ischemic area or due to induction of acidosis within the ischemic regions. From a therapeutic view, if inhalation of 5% CO2 were limited to 15 minutes of every hour, any danger from such minimal depression of CMRO2 would seem to be negligible. During inhalation of the 5% CO2 mixture, CMRGI was also significantly increased in every case except one.
Effects of Glucose and Insulin on Ischemic Cerebral Metabolism
Glucose is well known to be the most important substrate utilized by the brain for its energy metabolism31 and appears to pass more rapidly through the brain-blood barrier than other substances such as fructose and glycerol whose molecular weight is similar to glucose.32-35 Some have claimed that insulin facilitates the cerebral uptake of glucose. '2 In the present study, measurements of cerebral blood flow and metabolism were made in five cases with occlusive cerebrovascular disease before and after intravenous injection of 12.5 g of glucose. The only significant changes were an increase in cerebral glucose uptake after glucose injection with an increase in the ratio of glucose to oxygen utilization (table 5) . Both arterial lactate and pyruvate increased (P < 0.05), but there was no change in CMR Lact and CMR Pyr.
The amount of glucose taken up by the brain appeared to increase as arterial glucose levels rose. It was not thought that the amount of glucose consumed by the brain was increased since CMRO2 and CMR Lact did not increase following the injection of glucose. It seems likely that glucose was taken up by the brain in the form of storage, as has been previously considered, from indirect measurements during hypoglycemic coma in man. 36 Another possibility is that the glucose entered the cerebrospinal fluid as well as the brain.
